Implementation of Very Low-Cost Fluids Experiments to Facilitate Transformation in Undergraduate Engineering Classes
Introduction Engineering students emerge from many courses with a surprising lack of understanding of core concepts. Active learning has been shown by many educational researchers to result in superior learning outcomes over traditional methods like lecturing. [1] [2] [3] Experiments can provide a enriched platform for active learning provided they are not too 'cooked' or recipe driven so that students can explore and play.
One possibility is to develop experiments that students can put together themselves at home. Several groups have reported on the development of experimental devices for fluid mechanics with positive learning outcomes. 4, 5 In one experiment students were asked to measure the differential pressure across the window of a moving car using a simple manometer made from plastic tubing. 4 Another exercise asked students to generate a pump curve for a small hobby pump and compare it to the manufacturer's performance curve. 5 This approach ameliorates the complexities associated with in-class logistics. The disadvantage of this approach is the inability for timely intervention and direction during experimentation that can lead to greater insights.
Experiments that can be accessed remotely, so that students can manipulate engineering hardware via the Internet have been developed by a number of researchers. This approach offers the advantage of providing access to high quality expensive equipment to a large number of students at a relatively low cost. For example, Ogot et al. reported on a jet thrust laboratory that students could access on-line, and perform remotely. 6 Testing of wing sections in wind tunnels using web-based remote control has also been explored. 7 A remotely accessed experiment that allowed student to operate and make measurements on a Venturi nozzle has been documented. 8 Assessments of student learning comparing students performing the lab hands-on and students using remote access indicated similar outcomes.
Significant effort has been devoted to developing experiments suitable for in-class use. In this approach, the goal has been to use student-centered, hands-on experiments during regular class time to replace or supplement instructor-centered pedagogies. Early work involved having student teams put together experiments to learn fluid flow and heat transfer concepts. [9] [10] [11] An important goal of this work were devices that were simple, compact, and inexpensive. Van Wie et al. have worked to develop a system of compact experiments called Desktop Learning Modules (DLM's) that can be brought into the classroom. 12 The DLM system is based on a series of cartridges that can plug into a base unit with liquid reservoir, pump, and data acquisition. Assessment of student learning using the DLM system has shown significant gains for students using the active learning approach.
The use of hands-on in class experiments is an attractive approach to enhance understanding and learning outcomes. Major obstacles to the widespread implementation of student-centered experiments in engineering classrooms are the cost and complexity of the experimental equipment presently available. More recently a new path, to reduce the cost and complexity of DLM's further by leveraging new capabilities in CAD, 3-D printing and vacuum forming has been developed. 13 This paper reports on the implementation of low-cost Venturi nozzle and Pipe Page 26.909.2
Flow experiments using these techniques. An overall view of the entire implementation is provided in the paper. Details on the design and manufacture of the experimental modules and the assessment are provided in other papers. 14, 15 Approach Two experiments were selected for implementation, a Venturi Nozzle and a Pipe Flow, in a junior-level Mechanical Engineering class. This is the first fluid mechanics course that mechanical engineering students take. The class meets three times a week for 50 minutes. Lectures are given two days a week and the third day is spent in active collaborative learning exercises. The hands on experiments were implemented into the active learning day.
The class included both 42 local, on-site students at a cental campus location, as well as 60 distance students studying at two satellite campus locations (30 students at each location). Communication between the central campus classroom, where the course instructor is located and the two satellite classroom locations is via internet mediated audio and video channels. Students at all locations engaged in the active learning sessions.
The schedule was as follows. First the pertinent lecture material was covered in a lecture usually 2 to 3 days before the lab was to be performed. A prequiz was then given in class the period before the lab was to be performed. The following class day students performed the lab. The class period after the experiment, students were given an in-class post quiz.
Experiments
The goal was to provide a complete experiment to groups of three students in the classroom where lectures are held. The hardware used for each experiment consisted of plastic flow sections produced by vacuum forming. The hardware was lightweight, portable, and low-cost. A complete description of the design and fabrication of the experiments is given in 14 . The experiments and accompanying work sheets were designed to be completed within a 50-minute period. The experiments were simple to operate so that students needed a minimal amount of 
Venturi nozzle experiment
The first experiment implemented was based on flow through a venturi. The learning objectives targeted for this experiment were
• How fluid flow rates are measured.
• How Conservation of Mass defines the relation between velocity and cross-sectional area in a conduit.
• How the Bernoulli Equation defines the relation between pressure and velocity in a flowing fluid.
• How experimental and ideal conditions differ.
Students performed experiments with both air and water. The venturi section was fabricated using vacuum forming. The air and water venturis were slightly different as shown in Figure 1 . In each setup, both water and air, pressure taps were placed at the inlet, throat, and exit of the venturi. The air venturi had three interconnected manometers which were filled with water prior to the start of the experiment. The water venturi had three standpipes at each of the sections. Pictures of the vacuum formed venturi sections for air flow and water flow are shown in Figs. 2 (a) and (b).
The air venturi was operated by placing a battery-powered air pump at the inlet. A handheld anemometer was used to measure the air velocity at the exit of the venturi. Students were given wet erase markers and a ruler to measure the deflection of the water in the manometer tubes. To perform the experiment one group member would blow air through the Venturi with the air pump, while the second group member measured the air velocity with the anemometer, and the third group member simultaneously marked the water levels in the three legs of the manometer. The water experiment consisted of a plastic Venturi with an inlet reservoir and outlet valve mounted to a plastic box, a battery powered water pump with Tygon tubing and a valve, a beaker, a stop watch, wet erase markers and a ruler. The volumetric flow rate of water coming out of the Venturi was measured by holding a graduated beaker under the outlet valve of the Venturi. To make measurements one group member would turn on the pump and make sure the level of water in the inlet reservoir stayed constant, while the second group member measured the water flow rate, and the third group member simultaneously marked the water levels in the three stand pipes.
Half the experiments were water based and half the experiments were air based. Each group started with the setup they sat down at. After making their measurements and calculations they would then trade with another group to make measurements with the other fluid.
Pipe flow experiment
The pipe flow experiment logistics were similar to the venturi experiment. A schematic of the vacuum formed pipe section is shown in Fig. 3 . The entire setup consisted of a plastic pipe with three manometers mounted to a plastic box (as shown in the figure), a battery-powered water pump, Tygon tubing, a valve, a beaker, a stop watch, wet erase markers and a ruler. Students were to measure the flow rate of the water through the pipe, determine the head loss, and then compare the experimental data with the head loss predicted using the Moody Diagram.
The learning objectives targeted for this experiment were
• What happens to the pressure in a fluid flowing through a pipe.
• What happens to the velocity in a fluid flowing through a pipe.
• How does the head loss in a fluid depend on Reynolds number.
• How the head loss changes between laminar and turbulent flows.
The volumetric flow rate of water coming out of the pipe was measured by holding a graduated beaker under the outlet of the pipe. The stopwatch was used to determine how long it took to fill the beaker with a given volume. For an experiment one group member measured the water flow rate, the second group member simultaneously measured the water levels in the first and last Figure 3 . Schematic of the pipe flow section.
manometers, and the third group member recorded the water flow rate and the difference in water levels.
Worksheets
To facilitate the measurements and calculations each student was a given a worksheet to be turned in at the end of class. The worksheet had a clear statement of the learning objectives and the tasks to be performed. Pictures of the equipment along with reference information such as the dimensions at each measurement section were provided as well as fluid properties.
For the Venturi experiment the groups performed the following tasks for both air and water:
• Measured the pressure or head at the three sections along the venturi using the manometers.
• Measured the flow rate of fluid (air & water) through the venturi.
• Calculated the velocity of the fluid at the three sections along the venturi using Conservation of Mass.
• Calculated the pressure or head of the fluid at the three sections along the venturi using the Bernoulli Equation (Conservation of Mechanical Energy)
For the Pipe flow experiment the groups performed the following tasks
• Observed how changing fluid velocity changes the flow.
• Measured the pressure or head at the two sections along the pipe using the manometers.
• Measured the flow rate of water through the pipe.
• Calculated the Reynolds number for the water flowing through the pipe.
• Plotted Head Loss (cm H 2 O) versus Reynolds number on a graph.
The worksheets were designed to guide the students through the measurements and then through the calculations. They were asked to discuss certain results as a team and then write an explanation based on the discussion. Worksheets were turned in at the end of the class period.
Assessment tools
Three quantitative assessment tools were used; a pre quiz, a post quiz, and a worksheet. The class met on Monday, Wednesday, and Friday. Experiments were performed on Fridays. A pre quiz was given in class the period before the lab was to be performed, Wednesday. On the day of the lab each student received a worksheet which was to be completed while working in a group with 2 other students. The class period after the experiment, Monday, students were given an in-class post quiz. Informal, qualitative assessment was also performed through discussions and interactions with students.
The pre and post quizzes asked the students similar but not identical questions. Each quiz consisted of between 10 and 15 questions and included multiple choice as well as short answer. The questions specifically addressed the learning objective identified in the worksheets. state of the flow, whether laminar or turbulent. In addition to technical queries students were also asked about their level of confidence. The post quiz also asked students about the fun factor of the learning experience. The questions addressed the first 4 levels of Blooms Taxonomy of Learning. A complete description of the quizzes and assessment is given in. 15 Students were given 15 minutes to complete the quiz.
Results
Students at the main campus always received the hands on equipment to conduct the experiment. When the Venturi experiment was performed only students at satellite campus 1 received the equipment. The students at satellite campus 2 received the corresponding worksheet and 'data' but no hands-on equipment. Likewise when the Pipe Flow experiment was performed students at satellite campus 2 received the hands-on equipment and the students at satellite campus 1 received only the worksheet and the accompanying data. Since the worksheet in itself is an active learning tool this gave us a means to isolate the impact of hands-on component of the exercise.
In general the experiment days were big successes. The students were engaged and playful. Although it was a little messy at times; the water got spilled and manometers blown out, there were no major problems. The equipment was simple and very visual so most students were able to quickley grasp how to operate things. The worksheets were clear and students were able to complete the calculations and observations during the class period.
In both experiments students struggled to explain why their experimental results did not match exactly the ideal or expected. In the case of the venturi experiment, students were asked to compare the pressure measured at the exit of the venturi section to that predicted by Bernoulli's equation. Most failed to identify friction as the reason that the measured pressure was less than that predicted by Bernoulli's equation. In the pipe flow, experimental uncertainy was large at low flowrates and students were not always able to clearly identify a transition to turbulence on their plot of head loss versus Re. However, visualization of the flow from 'glassy' to 'rough' provided additional evidence for them. When experimental data differed from what was expected, students tended to blame the data. In other words they questioned that the experiment represented reality.
In general, the scores on the post quiz were higher than those on the prequiz which indicates, as expected, that active learning was effective. For example, on the venturi quiz students were shown a flow through a conduit which, opposite to a venturi, first went through and an expansion and then a contraction. Manometer levels at 3 sections were shown; at the entrance, in the exansion, and at the exit. Students were asked to select the figure which best represented reality. Only 51% of students identified the correct figure in the prequiz whereas 69% identified the correct figure in the post quiz. It is dissappointing that so many students still failed to identify the correct figure. The second most popular choice (after the correct answer) with 18 % of respondents was the figure that showed no pressure drop between the entrance and the exit. This is consistent with the observations discussed above.
Perhaps the most revealing question was given in the pipe flow quizzes and worksheet. Students were asked to draw a graph of water velocity and pressure down the length of the constant diameter pipe. On the pre quiz only 17% of students drew this correctly. Most commonly students drew the velocity decreasing down the length of the pipe. They would then draw the Page 26.909.7
pressure increasing down the pipe. In interactions with more than a few students the reasoning for this was based on the thinking that velocity and pressure are always related inversly in accordance with Bernoulli's equation. On the experiment day students were encouraged to observe (or think about in the case of students with just a worksheet) the level of the water tank. They looked at the manometer levels under flow conditions. Then on the worksheets they drew the velocity and pressure down the length of the pipe based on their observations. On the post quiz 82% drew the relationships correctly.
The difference in scores between the student group that did only a worksheet and those that did the hands-on component as well were not substantially different. For example, for the question about the how the velocity varies with length down a pipe 18% of the group that did not do a hands-on component answered correctly on the prequiz and 76 % answered correctly on the post quiz. It is difficult at this point to say what this means with regards to hands-on exercises versus paper-based active learning. However, the comparable learning outcomes of the paper-based activity (which is much more cost effective) and the hands-on physical lab indicates that more work needs to be done to determine how these two approaches work for student learning. In particulat, the assessment used needs to be examined more critically.
Finally, students were asked how much fun the hands-on component was. The results for the students at both the main campus and the two satellite sites are shown in Table 1 . The hands-on lab was clearly a positive experience for most students.
1--Boring 3--Neutral 5--A lot of fun

3%
1% 33% 35% 28% Table 1 . Results of question about the fun factor.
Summary
Portable and inexpensive Venturi nozzle and Pipe Flow experiments were implemented in a large Mechanical Engineering introductory fluids class with distance sections. Students worked in groups of three to perform experiments and worksheet led calculations during a normal lecture class time period. Pre and post quizzes were administered to assess the efficacy of the hands-on experiments. The implementation of the experiments was easy and relatively trouble free. In general, the students enjoyed the experiments and strengthened their understanding of key concepts. The results of the assessment are ambiguous. The results clearly show that active learning enhances understanding of key concepts. However, how much improvement can be attributed to the hands-on nature of the activity is not clear.
